Abstract. We introduce a model, similar to diffusion limited aggregation (DLA), which serves as a discrete analog of the continuous dynamics of evaporation of thin liquid films. Within mean field approximation the dynamics of this model, averaged over many realizations of the growing cluster, reduces to that of the idealized evaporation model in which surface tension is neglected. However fluctuations beyond the mean field level play an important role, and we study their effect on the conserved quantities of the idealized evaporation model. Assuming the cluster to be a fractal, a heuristic approach is developed in order to explain the distinctive increase of the fractal dimension with the cluster size.
Introduction
The processes of evaporation and dewetting of thin liquid films play an important role in modern technologies such as the fabrication of electronic chips, microfluidic devices, and biosensors. These complicated nonequilibrium processes incorporate many ingredients such as heat transport within the fluid and its surroundings, interaction between the substrate and the fluid, and the roughness of the substrate. In some cases the evaporation of thin liquid films exhibits a distinctive fingering pattern. An experimental system demonstrating such a behavior consists of a clean mica substrate covered by a thin water film [1] [2] [3] [4] [5] [6] . The fingering instability in this system appears at the interface between two phases of the film's thickness (approximately 2 and 12 nm). These two phases result from the competing van der Waals and polar surface forces between the water and the substrate [6] . A first-order phase transition between the film thicknesses is induced when changing the vapor pressure. When the evaporation rate is sufficiently small, such that changes in the film thicknesses are negligible, the evaporation dynamics is, essentially, that of the interface between the two phases.
The fingering instability observed in these dewetting experiments is similar to the one which appears in the Saffman-Taylor (ST) problem in Hele-Shaw cell [7] . In the latter case an inviscid fluid (say air) penetrates a viscous fluid (say oil) confined between two parallel plates separated by narrow gap. When pumping of the inviscid fluid is sufficiently strong to overcome the smoothing effect of the surface tension, the dynamics is characterized by repetend tip-splitting events which result in a fractal-like pattern. A discrete version of the ST problem is the diffusion limited aggregation (DLA) model [8] .This model is defined by the following simple dynamics: A particle released far from the origin is allowed to diffuse in space. It becomes immobile when its distance from a seed particle located at the origin is smaller than some predetermined value. These two particles form the initial cluster which consequently grows into a fractal when additional diffusing particles are released one by one and become immobile as they reach the cluster. Although the model of DLA is apparently very different from the ST problem, data analysis demonstrated that their fractal properties are identical [9] . It has been also shown that averaging over many realizations of DLA patterns, in a channel geometry, reproduces a pattern similar to the ST finger developed in the same geometry [10] [11] [12] . These features suggest that the continuous ST model, whose numerical study is exceedingly difficult, may be studied using its discrete analog for which there are efficient numerical methods, e.g. iterative conformal maps [13] .
The main purpose of this work is to introduce an analogous simple discrete model for evaporating thin films, to study its properties and its relation to the continuous dynamics counterpart, see Figure 1 .
The continuous dynamics of evaporating thin-film droplets
The equations which govern the continuous dynamics of evaporating thin films were derived in Ref. [14] using the lubrication approximation. The dynamics is described by two equations: The first is Darcy's law, which relates the fluid velocity v (averaged over its profile in the direction perpendicular to the substrate) to the gradient of the pressure P ,
where α is a constant which depends on the fluid viscosity and the gap between the plates, while ∇ = (∂ x , ∂ y ) is the two dimensional gradient. The second equation is the continuity equation,
where β depends on the rate of evaporation and the fluid density. This equation is based on the assumption that evaporation is uniform within the droplet (i.e. the thicker film phase) while outside the droplet (the thinner film phase) it is essentially negligible due to the strong adhesion forces between the liquid and the substrate.
Combining the above equations one obtains that inside the droplet's domain, henceforth denoted by D, the pressure satisfies Poisson's equation, while outside this region it is constant. Without loss of generality one may set the outside pressure to be zero, and thus
where γ = β/α. This equation describes the pressure away from the droplet's interface. Near the interface, additional degrees of freedom, such as the film height and the boundary curvature, as well as other instabilities along the droplet's rim come into play [15] .
In what follows we shall neglect these effects and assume they may be incorporated, at least approximately, by a proper choice of the initial conditions. In particular we shall neglect the surface tension associated with the interface between the two film thicknesses. With this assumption the boundary condition for Eq. (2.3) is P = 0 on the boundary of the droplet, ∂D. This boundary moves in accordance to Darcy's law, namely its normal velocity is proportional to the normal derivative of the pressure:
Integrability of the ideal continuous model of evaporation
The above model for the continuous evolution of the droplet's shape is integrable in the following sense:
The droplet shape may be computed exactly within some interval of time for arbitrary smooth initial conditions. This feature emerges from an infinite number of conserved quantities associated with the droplet shape. These quantities are the interior harmonic moments defined by the integrals,
where z = x + iy is the complex coordinate, k is a non-negative integer, and the integration is over the droplet's domain, D(t), whose time dependence is explicitly written here. The harmonic moments of the droplet satisfy the conservation law [14, 16] :
where β is the rate defined by the continuity equation (2.2). An example for the evolution of the a droplet is shown in the left panel of Figure 1 (for details of the calculation see [14] ).
A discrete model for evaporating thin-films
A discrete model associated with the above evolution is defined by the following procedure: A particle is introduced at a random location which is uniformly distributed within a domain that is identical to the initial droplet's shape. The particle diffuses until it gets close enough to the boundary (within some fixed cutoff distance). At this point the particle becomes immobile and part of the exterior domain. The process is repeated with additional particles so that the domain boundary develops into a fractal-like pattern. An example for such pattern is depicted in the right panel of Figure 1 .
To clarify the relation between the discrete model of evaporation and its continuous counterpart described by Eqs. (2.4) and (2.2) it is instructive to represent the discrete model as a reaction-diffusion problem. For this purpose we discretize space and denote its lattice points by the index j. We introduce two types of particles: Diffusing A particles, and immobile B particles. The latter represent the growing cluster. An A particle is born randomly (with a uniform distribution) at some unoccupied site and is allowed to diffuse until it reaches a neighboring B particle. At this point it converts to B. The reaction-diffusion processes associated with this dynamics are described by:
The first line represents the process of a birth of A particle at some arbitrary location denoted by the subscript j. The second line describes the random hopping of A article from the site j to a nearest neighbor sitej, and the third process accounts for the adhesion of A particle to the cluster of immobile B particles: Once A reaches a nearest neighbor site occupied by B particle it converts to B. The parameters that appear above the arrows represent the rates associated with each one of the process. Our discrete evaporation model is achieved in the limit where the birth rate of new particles, µ, is sufficiently low so that at any moment of time there is at most one A particle in the system, and the adhesion rate is large enough so that the particle sticks to the cluster before it has a chance to hop away, λ/ν ≫ 1. For simplicity, the reaction diffusion process describes by (4.1) correspond to on-lattice dynamics. It can be straightforwardly generalized to off-lattice dynamics by assuming that the size of the particles is large compared to the lattice constant and assuming that particles cannot overlap. The dynamics of reaction diffusion systems are described by the master equations which determine the evolution of the probability of the various configurations of the system. Let us denote this probability by P n,m , where the configuration of the system is specified by the vectors n = (n 1 , n 2 , · · · ) and m = (m 1 , m 2 , · · · ) in which n j and m j are the numbers of A and B particles at site j, respectively.
The master equations may be represented in the form of a Schrödinger equation in imaginary time [17] [18] [19] [20] . For this purpose one defines the wave function,
and the annihilation and creation operators,â j , andâ † j , of A particle at site j, and similarly the annihilation and creation operators of B particles:b j , andb † j . These operators satisfy the Bose commutation
With these definitions one can verify that the master equations take the form:
with the Hamiltonian:
Thus the time evolution of the wave function is given by |ψ(t) = U (t)|ψ(0) , where ψ(0) is the initial wave function, and U (t) is the propagator of the system for time t, i.e.
T being the time ordering operator [21] .
To make sure that the evolution of the system starts within some predefined domain shape D, one should choose the initial wave function such that there are no A particles in the system and B particles are located along the boundary domain ∂D. Thus the initial wave function is
where |0 denotes the vacuum state with no particles in the system. The structure of the above solution calls for representation as a field integral. Introducing the complex functions of time, a j (τ ) and b j (τ ), and their complex conjugates,ā j (τ ) andb j (τ ), the propagator may be written in the form:
where
is the action, and dη
is the measure of the integral where d 2 z = (dRez dImz)/π. The average probability of finding a B particle at site m and time t ′ is obtained by averaging b m (t ′ ) with respect to the above action with the initial wave function (4.6):
This average should be interpreted as an average over a large number of realizations of the discrete model dynamics.
The configurations of fields that influence mostly the evolution are associated with the saddle points of the integral (4.7). The corresponding saddle point equations are obtained from variation of the action S with respect to the fields. Variation of S with respect toā j andb j lead to equations which are satisfied byā j =b j = 1 at any lattice point j. Variations with respect to a j and b j result in the equations:
where as beforej denote a nearest neighbor site of j. The continuum limit of these saddle point equations is obtained when the spatial changes of the fields are assumed to be very slow compared to the lower distance cutoff of the discretized space, l 0 . In this limit the saddle point equations converge to rate equations for the densities of A and B particles.
In particular, away from the B cluster (i.e. where b j = 0) Eq. (4.9) reduces to ∂ t a = D∇ 2 a + µ, where D = νl 2 0 is diffusion constant of the A particles. In the limit where birth rate is sufficiently small such that the mean time between birth events is larger than the time that takes for a particle to diffuse across the system, the time dependence may be neglected and one obtains:
Consider now the case were the A particle is near the cluster of B particles, i.e. bj = 0 in Eq. (4.9). Imposing the assumption that the conversion rate from A to B is very large compared to the hopping Figure 1 . n denotes the number of particles in the developing cluster.
rate, λ ≫ ν, we obtain that on the boundary of the B cluster a = 0. Finally, taking this boundary condition into account, the continuous limit of Eq. (4.10) implies that the boundary of the B cluster advances with normal velocity:
Thus identifying of the pressure P with −a we see that Eq. (4.11) and Eq. (4.12) are equivalent to Poisson equation (2.3) (with the correct boundary conditions), and Darcy's law (2.4), respectively.
Fluctuations
The result of the previous section implies that, within the saddle point approximation, the average of the probability to find a B particle in a given point in space follows the evolution of the continuum dynamics of the evaporating thin film. One of the consequences of this property is that the average of the probability to find a B particle in a given point in space follows the evolution of the continuum dynamics of the evaporating thin film. However, the saddle point approximation is not justified by the existence of some large parameter, and therefore fluctuations are important. Indeed these fluctuations play an essential role in developing a fractal-like structures in the discrete evaporation model. The purpose of this section is to study this feature.
An example for the structures obtained by averaging over many realizations of the discrete evaporation model is depicted in Figure 2 . This figure presents the average density of B particles obtained from 80 independent realizations starting from the initial boundary shape similar to that shown in Figure 1 . These plots demonstrate the close relation between the discrete model and the evolution of the continuous model shown in the left panel of Figure 1 . Notice, however, that within the saddle point (or mean field) approximation the density of the B particles within the occupied regions should be constant, while here it decreases from the boundary inwards. This is a manifestation of the large fluctuations in the particle density as demonstrated in the right panel of Figure 1 . In order to understand the behavior of the density of the developing structures as function of the distance from the boundary, we considered a circular domain with capacity of having N = 2.26 · 10 6 particles, and computed the density of the particles. A log-log plot of this density as function of the distance from the circumference is plotted in Figure 3 for several covering ratios, n/N . This plot shows that within a large intermediate regime, which is not too close to the circumference or to the center of the circle, the density decreases as a power law with a power that decreases monotonically with the covering ratio n/N . This behavior (which is similar to DLA) suggests that the cluster is a fractal. Moreover the change in the power exponent, as function of the covering ratio, implies a change in the fractal dimension of the cluster, as will be discussed in the next section.
Additional quantities which demonstrate the link between the continuous model and the discrete model of evaporation are the harmonic moments. For the discrete model these harmonic moments may be represented in the form:
where t k (0) is the harmonic moment of the initial domain shape, the sum j is over the b particles at time t, the size of each particle is l within the saddle point approximation, where the cluster of b particles evolves according to the continuous dynamics, the average harmonic moments follow the dynamics dictated by the continuum evaporation model, namely
is the ratio of the cluster coverage area A to the total area of the initial domain, A 0 . Here, in order to express the harmonic moments in terms of ξ, we made use of the fact that the zeroth harmonic moment of the cluster, which is the area of unoccupied sites, decays exponentially with time at precisely the same rate of all other harmonic moments (3.2). In order to see to what extent the ensemble average of the harmonic moments characterizes the behavior of some particular realization of the dynamics, we have simulated the cluster growth within an elliptical domain with aspect ratio of 1/2. In this case the odd harmonic moments vanish while the even ones can be computed using definition (3.1), and the result is:
where A 0 is the area of the ellipse. The constants c k depend on the aspect ratio of the ellipse, and for the case in which it is 1/2: c 0 = 1, c 1 = 3/8, c 2 = 9/32, c 3 = 135/512, c 4 = 567/2048, and c 5 = 5103/16384. Beyond k = 10 these constants grow approximately factorially with k. The relative fluctuations, δt k /t k (0) = (|t k | − t k )/t k (0), of the leading harmonic moments of a particular realization of a cluster grown in an ellipse, are depicted in Figure 4 . From this figure it is evident that the fluctuations of the low harmonic moments are small compared to the average. In other words they are self-averaging and to a good approximation behave according to (5.2).
To appreciate the meaning of the above results let us estimate the fluctuations of the harmonic moments of a circular domain for which the averages of all harmonic moments vanish. For simplicity we assume that the covering ratio, ξ is close to 1/2 namely the cluster extends throughout the circle. Furthermore, we shall assume that (the connected part of) the two point correlation of the particles is characterized by a fractal-like behavior, namely it decays as a power law,
where C 0 is some constant which depends on ζ. With these assumptions the variance of the absolute value of the k-th harmonic moment is given by the integral:
Here r = r exp(iθ) and r ′ = r ′ exp(iθ ′ ) denote complex position vectors, and the integrals extends over the whole cluster.
Assuming ζ to be small compared to one, we expand the above integral to leading order in ζ and obtain:
where R is the radius of the circular domain. This integral can be evaluated exactly , see Appendix. The result is
Thus the normalized fluctuation of the k-th harmonic moment (to the leading order in ζ), decays with k as
In Figure 5 , we present the results of a numerical calculation of the harmonic moments for a cluster in a circular domain with capacity of 2.26 · 10 6 particles. The average of |δt k | 2 is performed over different values of the covering ratio, between 0.35 and 0.45. Formula (5.9) is presented by the solid line. It shows a reasonable agreement between the numerical results and the theoretical estimation.
Notice that unlike the elliptical domain where δt k increases with k, in the circular domain the fluctuations decrease. Thus the fluctuations in the harmonic moments are strongly affected by the shape of the boundary. Similar analysis shows that the cross correlations of harmonic moments, δt k δt k ′ , are also governed by the shape of the boundary of the system. The manifestation of these cross correlations can be clearly observed in Figure 4 .
The evolution of the fractal dimension.
One of the basic characteristic of the viscous fingering is the fractal dimension of the corresponding patterns. The construction of an exact analytic scheme for calculating the fractal dimension of ST problem is a prominent challenge. In fact, even its numerical calculation is exceedingly difficult because the equations which govern the ST evolution are very stiff, and in the presence of surface tension the problem becomes chaotic. Thus apart from a rather limited amount of experimental data, our main Figure 5 . The normalized fluctuation of the first 20 harmonic moments (dots), and the theoretical estimate (solid line) described by formula (5.9). The inset shows the same data on a log-log plot.
knowledge about the fractal dimension of the ST problem is based on its relation to its discrete analogthe DLA. It is believe that both systems belong to the same universality class [9] .
Since similar feature might characterize the relation between the discrete and the true evolution of evaporating thin films, we turn our attention to study the fractal dimension of patterns generated by the discrete evaporation model. Based on the results for the density of the clusters (see Figure 3) , and the harmonic moments (Figure 4) , in what follows, we shall assume that the cluster can be considered to be a fractal whose local properties are approximately the same at any point within the bulk. This is an approximation since as can be seen from Figure 3 , the dynamic range in which the cluster exhibits power law decay is limited to an annulus whose outer radius is smaller than the circle radius, and its inner radius is finite. This is because, at the beginning of the growing process, the clusters develop independently at different places along the circumference, and only later when the fingers become long enough they start to interact. DLA exhibits a similar behavior: It may be considered to be a fractal only within an annulus which is far enough from the center and from the edge of the cluster. Yet, as the cluster grows, the ratio of the number of particles within this dynamic range, to the total number of particles in the cluster, approaches one.
The fractal dimension of the cluster, D f , is calculated using box counting, namely 1) where N q is the number of boxes occupied by B particles, whose edge size equals to 2 −q L and q is limited from above by the condition that this size is much larger than that of an individual particle. Our numerical calculation is performed for a cluster that grew in a circular domain with capacity of having 2.26 · 10 6 particles. The derivative with respect to q is calculated from the slope of a quadratic fit to log(N q )at three values of q. This fit is obtained from values of N q associated with squares of the sizes 3 · 2 −q R, where R is the radius of the circle, and q = 8, 9 and 10. The result of this calculation is represented by the dots in Figure 6 . It illustrates the manner by which the fractal dimension, D f , evolves as the coverage ratio, ξ (defined by Eq. (5.3) ), increases from zero to one. When ξ ≪ 1, there are Figure 6 . The evolution of the fractal dimension as the coverage ratio of the cluster increases from zero to one. The dots represent the numerical results, while the solid line is the theoretical approximation.
only few B particles scattered around the boundary of the domain, and therefore the fractal dimension approaches zero. In the other extreme, of full coverage ξ → 1, the fractal dimension obviously approaches 2. Between these limits there is a monotonic growth with a steep initial slope, and a distinctive shoulder. In order to understand this behavior we developed a heuristic approach based on the assumption that the change in the fractal dimension, when additional particles are added to the cluster, comes from two types of contributions: The first type is when the A particle is born in the close vicinity of the B cluster, i.e. in one of the unoccupied sites in the domain that envelopes the cluster. The second contribution comes from A particles that are born far from the cluster. The effect of particles belonging to the first group is to increase the fractal dimension of the cluster without changing its typical size, while the contribution from the second group is associated with a change of the cluster's size.
To begin with, let us focus our attention on the domain that envelopes the cluster. In the case of an isotropic fractal (such as DLA) made of n particles (of identical size) its area can be estimated using the radius of gyration of the cluster:
where l 0 denotes the size of each particle. Thus the effective area of the enveloping domain is proportional to the square of the gyration radius: l 2 0 n 2 D f . However, this result applies for simple isotropic cluster, while in our system the fractal develops simultaneously at several places along the boundary of the system. The area occupied by the clusters developed according the discrete evaporation model may be written in the form
where m is the number of different clusters developed along the boundary of the system.
In order to identify the value of m let us assume that the clusters are approximately of the same size, and for simplicity, choose the system to be a cylinder whose circumference and length both equal L. We denote by w the total width of the cluster developed along the two boundaries of the cylinder. This width A discrete model for evaporating thin-films is approximately equal to the gyration radius of a cluster containing n/m particles, i.e. w ≈ l 0 (n/m) 1/D f . The total area of the domain that envelopes the cluster is A = wL and from Eq. (6.3) we obtain:
, and substituting this result in (6.3) we get that the area of the enveloping domain is approximately:
Now if we assume that the total area of the system, L 2 , may be filled by N particles, namely L 2 = N l 2 0 , than the ratio of the area occupied by the fractal to the total area of the system is:
Of course, since we did not take into account the interactions between different developing clusters along the boundary, this result is only an approximation. The fraction of the unoccupied sites within the domain which envelopes the cluster to the total area of the system is r − ξ, while the fraction of the area outside the enveloping domain (which by definition is unoccupied) to the total area of the system is 1 − r. Since A particles are born uniformly within the unoccupied area, the probability that an A particle is born in one of the unoccupied sites within the enveloping domain is: 8) while the probability that an A particle is born outside this domain is clearly P out = 1 − P in . Consider now the change in the fractal dimension for each one of these cases. Let us examine first the case where the A particle is born in one of the unoccupied sites of the enveloping domain. In this case we shall assume that the area of the enveloping domain remains intact, and therefore in order to accommodate the new particle the fractal dimension must increase. Thus if we denote by ∆D f the increase in fractal dimension, and by ∆ξ = 1/N the effective change in ξ due to the addition of one particle, we require that
(6.9)
Expanding to linear order in ∆D f and ∆ξ we obtain that the change in the fractal dimension due to particles born close to the fractal is
Let us consider now the change in the fractal dimension when the A particle is born away from the fractal. In this case we shall assume that the effect manifests itself in a change of the radius of gyration by an amount of
where D * f is some unknown parameter which governs the growth of the cluster in the case where the particles come from a far distance. To this value of fractal dimension the system would have flow if all A particles where born far away from the cluster. The similarity between this situation and the dynamics of DLA suggests that D * f should be close to the fractal dimension of DLA. To identify the change in the fractal dimension due to this contribution we demand that
Expanding the left hand side of this equation to linear order ∆ξ and ∆D f , and solving for ∆D f /∆ξ, we obtain
Collecting the above results we arrived at the following nonlinear equation for the evolution of the fractal dimension:
14)
The numerical solution of this equation is presented by the solid line in Figure 6 . Here we treated D * f as a fitting parameter, and choose the initial conditions to fit the data points around ξ = 0.1 (at ξ = 0 the equation is singular and the solution is very sensitive to the precise value of the initial condition). Our best fit is obtained for D * f = 1.76. It is not far from the fractal dimension of DLA which is believed to be 1.71.
Summary
In this work we introduced a discrete model for the evolution of evaporating thin films. We showed that on mean field level an average over many realization of the cluster growth reproduce the continuous dynamics, but, as for DLA, fluctuations play an important role. We showed that the low harmonic moments of the system have the property of self averaging, and that the magnitude of their fluctuations depends on the boundary shape. In particular, the relative fluctuations of the low harmonic moments, in an ellipse, increase with the order of the moment, while in a circular domain they decrease.
Unlike DLA, the fractal dimension of the clusters in the discrete evaporation model change with time, and grows monotonically from zero (when few particles are scattered along the boundary) to two (when particles fill the whole system). We showed that the distinctive dependence of the fractal dimension on the coverage ratio may be heuristically explained as the result of two competing contributions. The first is associated with particles that are born away from the boundary of the cluster. This contribution attracts the fractal dimension to a value similar to that of DLA. The second contribution comes from particles that are born in the close to cluster. It becomes dominant as the fractal grows, and eventually brings the fractal dimension value to two. and integrating by parts we obtain: Changing variables to z = exp(iθ), the integral over θ transforms into a contour integral whose calculation using the residue theorem is straightforward: 4) and using definition (8.3) we obtain:
Finally, substituting this result in (8.2), and performing the integrals over r and r ′ , leads to (5.8).
